Mitral valve disease is quite variable and can occur as an isolated defect or in association with other complex left sided lesions. These lesions are often best described with detailed preoperative imaging studies to define the valve anatomy and to access associated left heart disease. Depending on the type of mitral valve disease, various surgical repair techniques have led to improved survival in the recent era. We describe lesion specific approach to mitral valve repair and results.
INTRODUCTION
Mitral valve disease in the pediatric patient is quite variable and ranges from a routine cleft in the anterior leaflet of the mitral valve to complex mitral stenosis associated with Shone's complex or hypoplastic left heart syndrome (HLHS). Further complicating the management of these children are the associated concomitant cardiac lesions, which can dramatically affect clinical outcomes. Historically, mitral valve replacement (MVR) has been associated with significant morbidity [1] in the pediatric population and thus considerable attention has been directed to mitral valve reconstruction in children over the last decade. [2, 3] As mitral valve reconstructive techniques have been perfected, they evolved as the preferred approach for mitral valve stenosis and/or insufficiency in the pediatric population. Because of this, referrals for mitral valve surgery have increased since the mid-2000s. This study reviews our 6-year experience in mitral valve operations and focuses on the evolving technical aspects of mitral valve reconstruction.
METHODS

Imaging of the mitral valve complex
In order to provide optimal treatment of the entire affected valve complex, it is important that systematic examination begins early. We often obtain preoperative three-dimensional echocardiography (3D-echo), which improves our ability to access more anatomic features. It allows a detailed assessment of the entire mitral valve complex, including the subvalvar area, annulus, leaflets, and chords. With associated hypoplasia or borderline hypoplasia of the left ventricle, magnetic resonance imaging (MRI) is used to assess left ventricular (LV) volumes, location, and extent of LV endocardial fibroelastosis, and quantify the flow across the mitral valve for purpose of deciding on initial strategy, whether it be single-ventricle or twoventricle.
General operative procedure
Transesophageal echocardiography (TEE) was used routinely in all cases where an echo probe could be inserted, including young infants. With the availability of smaller TEE probes, pre-and postoperative echo studies can be performed in the vast majority of patients. In patients in whom a TEE probe could not be inserted, postbypass epicardial echocardiography was performed to assess the mitral valve function. In the past 3 years, 3D TEE probes have become available. These probes were used in all children weighing over 40kg if the probe was able to pass in the esophagus.
Cardiopulmonary bypass was generally established via standard single aortic and bicaval cannulation, followed by moderate hypothermia and cardioplegic arrest. Ventricular fibrillation was used in some patients, usually for the initial assessment of anatomy and to plan the repair. The mitral valve (MV) was exposed through the atrial septum or directly though the left atrium after developing Sondergaard's groove. Multiple MV repair techniques were used depending on the associated pathology, which are outlined in the following.
Lesion specific technical considerations Atrioventricular canal
As a routine, we close the cleft in all cases of partial or complete atrioventricular (AV) canal defects. Cleft closure is done using double running 6-0 or 7-0 monofilament polypropylene suture, which is brought down to the tips of the chords except in patients were stenosis is a concern, and tied loosely to avoid reducing the height of the neo-anterior leaflet [ Figure 1 ]. Patients in whom we are concerned about stenosis include mostly parachute or forme fruste parachute mitral valve with a functionally single left ventricular papillary muscle and variable development of the mural leaflet. In this case, the valvar orifice is mainly the cleft, which we routinely leave mostly or partially open, as closure would lead to severe stenosis. Our approach is to close the base of the cleft in most cases, and progress with closure towards the chordal attachments until the predetermined inflow orifice size is achieved based on the patient's body size and predicted Z-score of −2.
After cleft closure, central or commissural regurgitation, as detected by saline injection, were corrected by annuloplasty, either using a De Vega-type double running suture along the left lateral annulus from commissure to commissure (ie, "posterior annuloplasty"), or by commissural annuloplasties.
The AV canal repair consisted of either a double patch repair [4] or a classic single patch repair [5] in most patients. The modified single patch technique [6, 7] was seldom used, mostly in patients with a small ventricular septal defect amenable to direct closure and/or patients requiring earlier repair, usually within the neonatal period. We have not used the modified no patch technique. [8] 
Congenital mitral stenosis
When considering the complex mitral valve repair in small patients with small left-sided structures and/or congenital mitral stenosis (CMS), the technical details of proper and adequate exposure are challenging and critically important. Our approach is generally through the right atrium and atrial septum. As Stellin points out, [9] "eversion" of the mitral valve annulus with everting stay stitches significantly enhances exposure of the entire valve apparatus. Once everting temporary sutures are placed around the mitral annulus, the MV complex is thoroughly examined. Although the surgical treatment is individualized for each patient with CMS, the initial steps often involve resection of thick fibrous supra-valvular mitral rings [ Figure 2a ]. This resection begins by developing a plane sharply with subsequent stripping of the fibrous ring. When commissural fusion is present, commissurotomy is sharply performed. Next, the subvalvular apparatus must be optimally exposed. In order to gain adequate exposure under the posterior leaflet, it can be detached from the annulus [ Figure 2b ]. This maneuver is particularly useful in patients that have abnormal subvalvular structures such as in patients with "parachute, hammock, and arcade mitral valves." [10, 11, 12] Many secondary tethering, fused or shortened chords are then separated, mobilized or resected [ Figure 2c ] or sharply divided [ Figure 2d ]. In patients with "parachute or hammock mitral valves" the single or two large papillary muscles, respectively, are split/divided, whereas in patients with "arcade mitral valves," the short intrapapillary tendinous chords are divided. Once there is adequate mobilization, the posterior leaflet is often reattached using a treated autologous pericardial patch [ Figure 2e ]. Upon completion, the posterior leaflet has improved mobility, which allows for increased leaflet excursion during diastole [ Figure 2f ]. We believe that obtaining a mobile leaflet is the only way to obtain a sufficient coaptation height, which has been shown to be an independent predictor of durability of valve repair in adults. [13, 14] 
Mitral regurgitation
Congenital mitral regurgitation (CMR) lesions are classified according to the leaflet motion, using Carpentier's seminal functional classification of mitral regurgitation: (1) normal, (2) enhanced (or prolapsed), and (3) restricted leaflet motion. [15, 16] This classification translates into different causes of CMR and their associated treatment, although there is sometimes overlap or association of more than one mechanism that leads to regurgitation. Detailed analysis of the mitral complex, including the annulus, the leaflets and the subvalvar apparatus both by preoperative echocardiography and intraoperative assessment should be used.
In the first functional group, regurgitation is due to a lack of apposition of the leaflets from primary annular dilatation (extremely rare) or more frequently leaflet defects, such as a cleft or agenesis of a leaflet segment. Annular dilatation was managed by different means of annuloplasty, as outlined below. In most cases, a cleft was closed primarily, using the same technique as described in closing the left atrioventricular cleft in CAVC. We favor a double running closure, the first layer in a horizontal mattress and the second layer over-and-over, extending to the tip of the chords. It can be necessary to fill the space between the cleft edges with a pericardial patch, particularly if the annulus is dilated. Leaflet defects, such as holes or localized agenesis, can be treated by direct suturing or pericardial patch repair depending on the size of the defect, taking care that the leaflet-free edge remains adequately supported by chords.
In leaflet prolapse, the free edge of the leaflet overrides the plane of valve orifice in systole, [16] creating a regurgitation jet toward the nonprolapsing leaflet. This is most often encountered with elongated chords, such as can be seen in Barlow's disease or Marfan syndrome, and involves the anterior leaflet most often in children, although both leaflets can be involved. In this condition, the annulus is usually enlarged, and the prolapsing A2 scallop can be resected [ Figure 3 ] and the defect edges reapproximated. Annuloplasty of the enlarged annulus adapts the size of the annulus to the size of the leaflets and ensures adequate coaptation. Chordal shortening techniques, which bury elongated chords within the papillary muscle [17] have been shown to have poor long-term results in myxomatous mitral regurgitation in adults [18] and are often impractical to perform in a small child, and has not been used in our institution. Rarely, a segment or an entire leaflet is unsupported by chords. If this absence is relatively localized and small, it can be treated by transfer of secondary or basal chords to the free edge, or leaflet triangular resection. Rarely, ePTFE neochords can be used, although it is more difficult to size the chords adequately in a small child, and there is concern that they will not grow with the child, although there are rare reports that refute this hypothesis. [19] In restricted leaflet motion, the lesions often overlap with those described in the section on CMS. The lesions include "commissural fusion", [11] in which the commissural area is covered by endocardial fibroelastosis, along with fused chords and hypertrophied papillary muscles adherent to the commissure, and "short chordae syndrome," were the chords are thickened, the interchordal spaces are reduced. Van Praagh demonstrated 20 years ago that, in these anomalies, the mitral leaflets are covered with endocardial fibroelastosis (EFE) that creeps onto the chords. By trans-illumination from the ventricular surface of the valve, one can easily make out this extra tissue between the chords, which only appear short. They are actually normal sized, but covered with this EFE. Repair consists of resection of this EFE from the valve leaflets and chords, to restore mobility and pliability to the leaflets and subvalvar apparatus. Although Carpentier et al. proposed commissurotomy, leaflet augmentation and annuloplasty to treat this type of lesion, as we eluded to above, resection of EFE and obtaining a mobile leaflet is the only way to obtain a sufficient coaptation height. Furthermore, commissurotomy in this type of lesion can create commissural regurgitation.
Annuloplasty was performed when annular dilatation was present. Multiple annuloplasty techniques were used including De Vega-type double running suture annuloplasty along the posterior annulus, commissural annuloplasties, or ring annuloplasty in older children. The biodegradable ring, which has shown promising results in children with mitral insufficiency, [20] [21] [22] [23] was used in the mitral position in four patients with atrioventricular valve regurgitation and in one patient with mitral regurgitation after repair of atrial and ventricular septal defects at our institution (under an FDA exemption, approved). It has been shown both in animal models [24] and for annuloplasty in the tricuspid position [25] to allow for annular growth without compromising stability of the repair. Longer-term results remain unknown.
For restricted leaflet mobility, secondary chords were divided and/or leaflets were augmented with autologous pericardium. In repeat operations, prior suture and/or pledget material was removed. For residual clefts, running or interrupted cleft closure was performed.
RESULTS
Types of mitral valve disease and operative indications
From January 1, 2005 to December 31, 2010, 1609 heart valve operations were performed at Children's Hospital Boston. Over these 6 years, there has been 45% increase in mitral valve (MV) operations, which totaled 778 MV operations on 673 patients [ Figure 4 ]. There were 724 MV repairs (which included 360 atrioventricular canals) and 54 MVR. When stratifying by age, there were 33 operations performed on neonates (0-30 days), 362 on infants (1 month to 1 year), 343 on children (1 year to 18 years), and 40 on adults (patients greater than 18 year old).
The most common fundamental diagnoses at this center from 2005-2010 considering all 673 patients were: AV canal defects, including partial and complete (443, 67%), congenital mitral stenosis (CMS)/Shone's complex (76, 11%), HLHS with CMS (41, 6%), CMR (25, 3.7%), VSD/TOF/DORV (18, 2.7%), rheumatic disease/endocarditis (17, 2.5%), Marfan/Ehlers Danlos syndrome (10, 1.5%), and others (33, 5%). The most common fundamental diagnoses when considered by age at first operation are outlined in Table 1 .
The primary indication for operation was AV canal in 360 patients. Of the other 364 MV repair operations, the primary indication for operation was mitral regurgitation in 53% (194 of 364), mitral stenosis and regurgitation in 25% (92 of 364) and mitral stenosis in 12% (42 of 364) and another indication in 10% (37 of 364) of the operations. Of the 54 MV replacements, the primary indication for operation was mitral stenosis and regurgitation in 48% (26 of 54), mitral stenosis in 37% (20 of 54) and mitral regurgitation in 13% (7 of 54) and another indication in 2% (1 of 54) of the operations.
Follow up
Follow-up data were available in 628 of 673 patients, ranging from 1 day to 6.1 years. There was definitive late follow up after discharge in 377 of 673 patients up to 6.1 years. Considering all 778 mitral valve operations, the 30-day hospital discharge and overall mortalities were 1.3% ( 
DISCUSSION
This report highlights the recent surgical experience at Boston Children's Hospital and comments on several important and evolving technical considerations. There are many lesions that often co-exist with congenital mitral valve disease with certain subsets continuing to present a surgical challenge. In our most recent series, we found that mitral valve reconstruction or repair rather than replacement is associated with improved survival of patients that have underlying congenital mitral valve disease.
AV canal
Carpentier postulated that the left atrioventricular valve in repaired CAVC consisted of a trileaflet valve, and advocated leaving the "commissure" between the superior and inferior bridging leaflet open. [16] Van Praagh argued that a commissure is supported by chords and is not the cause of regurgitation, and that this is not the case in the "commissure" between the bridging leaflets, making it a cleft. [26] Wetter et al. showed that cleft closure at primary CAVC repair improved left atrioventricular valve regurgitation, from 28% of patients with the cleft left open who presented worsening of mitral regurgitation late after repair, to 9% in those whose cleft was closed. [27] Kanani et al. showed, in a morphological study of normal and CAVC hearts, that the neoanterior mitral leaflet is very different from the normal mitral valve [28] with a rectangular rather than triangular shape, deficient chordal arrangement, and fewer secondary and tertiary chords. They also found that the axis of chordal attachment to the leaflet [ Figures  [Figures2b2b and and2c ]2c] could provide the biomechanical basis for tension on the repaired cleft and encourage reopening at the tip of the newly created leaflet, and proposed that cleft closure extending below the zone of apposition may reduce the tension on the repaired cleft.
Our preferred technique for cleft closure is the double-layer running suture. The first layer is a running horizontal mattress and the second layer is a simple running over-and-over suture, which is not tightened but left loose enough to help the pliability of the unified leaflet and avoids shortening leaflet height. The leaflet edges at the cleft are frequently rolled and coapt over a small surface area. Care must be taken to preserve this degree of coaptation in closing the cleft and not to unroll the leaflet edges, because leaflet coaptation adds strength to the cleft closure, as it has been shown in mitral [29] and aortic [14] valve repair.
The left atrioventricular valve annulus is very different from a normal mitral annulus, composed of a composite of native annulus and septal defect closure material or ventricular septal crest, depending on the CAVC repair, and no fibrous trigones. [30] Over time, the degree of regurgitation increases by 1 grade in 41% of patients with repaired CAVC [31] and the annulus progressively dilates. Regurgitation could thus be seen as a two hit event, with biomechanical forces tending to pull apart the segment of neo-anterior leaflet below the cleft closure, and annular dilatation making this distal cleft functionally more important and the cause of regurgitation.
Myiamura et al. first suggested that total circular annuloplasty with an absorbable suture at the time of primary CAVC repair could help break the vicious cycle of regurgitation begetting more regurgitation in the early period after repair, without interfering with the annular growth. [32] Furthermore, Padala et al. showed in an in vitro CAVC-like valve model that 2/3 cleft closure and 20% undersizing annuloplasty decreased regurgitation and minimized the risk of stenosis. [33] Further studies into the segmental mechanism of annular dilatation after CAVC repair, such as can be provided by three-dimensional echocardiography, [34] would be helpful. Also, if prophylactic annuloplasty is shown to be beneficial, the ideal means of annuloplasty, for example, the entire posterior annulus or only at the commissures, as well as the material used, such as a small diameter nonabsorbable suture that could be expected to break with growth but provide structural stability for an extended period, absorbable suture versus biodegradable annuloplasty rings, [8] need to be defined. As mentioned above, the cleft is completely closed in all patients in whom stenosis is not a concern. However, partial closure in patients with parachute or forme fruste parachute mitral valve has not been formally evaluated.
In patients with AV canal lesions, we have focused on the techniques of cleft closure and the utility of annuloplasty. We strongly feel that the biomechanical forces predispose the left atrioventricular valve to dysfunction that can be minimized by carrying the cleft closure down to the level of the chords. Apposition of the cleft alone sets it up so that there is maximal stress on the distal cleft closure, making it at risk for cleft dehiscence. Extending the cleft closure down to the tips of the chords may allow for distribution of this force lower down, possibly decreasing stress on the cleft closure. Following these observations, we have selectively applied a combination of complete cleft closure and under sizing suture annuloplasty at the time of primary CAVC repair. Although in this series annuloplasty consisted of a mix of De Vega-type double running posterior suture annuloplasty and commissural annuloplasty, we now routinely perform prophylactic posterior annuloplasty in many patients undergoing repair of CAVC where mitral stenosis is not a concern.
Congenital mitral stenosis
Congenital mitral stenosis is a rare and morphologically heterogeneous disease. [10, 17, 18] As described by Ruckman and Van Praagh, [10] it can affect any one of the components of the mitral valve, from above the annulus (supramitral ring) or the annulus itself, the leaflets and/or the subvalvar apparatus. It is frequently associated with additional left heart obstruction or ventricular septal defect. Interventional management in severe mitral stenosis has been advocated, [19] as medical management entails significant morbidity and mortality. [35] Interventional balloon dilatation has been shown to effectively relieve left ventricular inflow obstruction in most infants and children with severe congenital mitral stenosis who require intervention, although with a rate of freedom from failure of biventricular repair or mitral valve reintervention of 76% at 1 month, 55% at 1 year and 39% at 5 years. [19] Surgical mitral valve repair for CMS may relieve inflow obstruction, but the success of these procedures may vary according to the pathology. Valve repair rather than replacement for congenital mitral dysplasia or CMS has been advocated, mostly because of the high rate of re-operation and heart block requiring pacemaker implantation, particularly in small children, [36, 37] after valve replacement. There is relatively little data on the results of surgical repair for congenital mitral stenosis, [19, 38] and criteria for patient selection and anatomical subgroups amenable to repair as of yet are not completely known.
Despite our attempts at delaying early intervention to allow for early AV valve remodeling and development in patients with congenital MS, over the last decade our tendency toward earlier mitral valve reconstruction versus replacement has increased. Mitral valve reconstruction with retention of the native subvalular apparatus has been said to offer distinct advantages by conserving the ventricular geometry resulting in the improved long-term ventricular function. [39] We now routinely employ conservative techniques to avoid MVR in infants and children. Despite the fact that MVR has been successfully reported in young children, [40] [41] [42] there are still persistent unavoidable problems such as heart block, endocarditis, thrombosis and stroke. [1] Several groups have also pointed out early predictors of mortality after MVR: the fundamental diagnosis, patient age, or size, [1] ventricular function and the size of prosthetic mitral valve. [43] All of that make the subset of patients with congenital mitral stenosis and/or Shone's syndrome (small left-sided structures) particularly challenging.
In addition to the technical improvements, there are many other important considerations that have led to an increase in MV reconstruction over the last decade. There have been dramatic advances in understanding the pathology [44] with preoperative imaging using two-and threedimensional echocardiography to provide a precise delineation of the associated pathology. [45] Additionally, specific techniques for patients with complex AV canal lesions and congenital mitral stenosis have improved. We have been much more aggressive in our approach to the subvalular apparatus by dividing/splitting papillary muscles and secondary tethering chords. As timing of such interventions has been important, we will often accept "less-as-more"at the initial operation realizing multiple operations with shorter intervals will be required but avoiding the need for MVR.
Although MV repair may be associated with an increased number of reoperations, it is associated with improved 5-year survival compared to MVR in pediatric patients. At some point following multiple MV repairs, however, MVR will prove to be preferred but further follow-up and analysis is necessary to better define that time point. Table 1 Diagnoses stratified by age group
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Kaplan-Meier survival analysis of postoperative long-term survival to 5 years in patients undergoing mitral valve repair versus mitral valve replacement
